In situ multi-frequency measurements of magnetic susceptibility as an indicator of planetary regolith maturity
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A c c e p t e d m a n u s c r i p t (that is, magnetic susceptibility measured at a field too low to produce irreversible changes in the sample 140 magnetisation) has been measured in the laboratory for many samples of lunar regolith. The typical range of 141 mass susceptibility for lunar regoliths is around 1400 -4400 10 -8 m 3 kg -1 (Carmichael, 1989) , depending on 142 the mineralogy and maturity of the sample. 143
144
Magnetic susceptibility is, of course, not a unique measurement of iron content. The majority of lunar 145 minerals are paramagnetic and the total susceptibility also reflects their various contributions. However, the 146 cumulative effects of weathering are understood to increase the ferromagnetic metallic iron content in the 147 regolith as it matures. Although the susceptibility of this iron is a complicated function of temperature and 148 grain size, it is always considerably larger than the paramagnetic susceptibility. Thus only a few wt% of 149 metallic iron, as found in a mature lunar soil, can dominate the magnetisation of such a sample. 150
151
Ferromagnetic susceptibility is critically dependent on the magnetic domain state of the magnetic carrier. 152
Large iron grains will be multi-domain (MD), such that neighbouring domains are oriented with opposing 153 magnetic polarities in order to reduce magnetostatic energy. It is relatively easy to change the magnetisation 154 of such a material and hence the coercivity is low. Below a critical size, this energy saving is less than that 155 required to split a single domain into two, and hence the material will remain single domain (SD). In this 156 state, ferromagnetic materials are strongly resistant to magnetic change and hence have a higher coercivity. 157
It is magnetite grains of this type that allow the Earth's geomagnetic signature to be recorded and retained 158 over geological timescales. Even so, any acquired magnetism decays over time in an exponential fashion, 159 described by its relaxation time. As the grain size is decreased further, thermal effects become important. At 160 a critical temperature and size, thermal agitation overcomes the magnetic ordering and the atomic moments 161 of such particles are free to orient with an applied magnetic field. Such particles will behave like 162 paramagnets, but with a vastly greater magnetic moment and magnetic susceptibility, and hence are called 163 superparamagnetic (SPM). Usually, a material is considered SPM if its relaxation time is comparable to or 164 smaller than the measurement time in a typical experiment (i.e. if its decay is observed). The boundary 165 between SD and SPM grains in a given sample is therefore a function of the experiment being performed 166 and the temperature of the sample. Figure 1 shows a plot of the variation of susceptibility of metallic iron 167 grains at room temperature with size, based on Néel theory (Néel, 1949) and following Stephenson (1971a) , 168 which demonstrates how SPM particles can have a magnetic susceptibility an order of magnitude larger thanA c c e p t e d m a n u s c r i p t
Metallic iron with characteristic of all of these size ranges (SPM, SD and MD) has been detected via 174 magnetic measurements of lunar materials, although a large proportion of the Fe 0 in mature regolith is 175 superparamagnetic (Dunlop and Özdemir, 1997) . Theoretical studies have shown that the range of sizes and 176 shapes possible for SD metallic iron are rather small, and almost non-existence for spherical grains (Butler 177 and Banerjee, 1975). These authors calculate that only 9% of the metallic iron the lunar regolith need be 178 single domain to reproduce the measured magnetic characteristics. Somewhat oblate spheroid grains, for 179 example with an elongation of only 10%, are sufficient to fulfil this criterion. The FMR signature, however, 180 arises from grains that are single domain and close to spherical (and hence have negligible shape 181 anisotropy). Thus it is likely that metallic iron grains dominated by both magnetocrystalline (spherical) and 182 shape (spheroid) anisotropy are present in the lunar regolith. 183
184
It is, however, the presence of extensive SPM material in lunar regoliths which dominates their magnetic 185 susceptibility. The proportion of SPM grains is, in turn, a function of space weathering. It can be seen that 186 measuring the initial magnetic susceptibility of a sample in situ, coupled with measurements of bulk 187 composition from complementary instrumentation, should give a good first indication of the degree of regolith 188 maturity and hence the degree of spectral alteration that should be expected in, and ideally removed from, 189 remote reflectance spectra. 190
191
Simple but effective models have shown that a given reflectance spectrum of an un-weathered material can 192 be numerically manipulated to simulate weathering by the linear addition of a volume and surface correlated 193 component of metallic iron (Hapke, 2001 ). In practice, the spectrum is inverted to obtain the single scattering 194 albedo using a simplified radiative transfer model. Once the complex refractive index of the measured 195 sample has been obtained, this is combined with the optical constants of metallic iron and the process 196 sieved to < 63 ȝm and each with a mass of 2 g, were measured using the Bartington device before and after 235 irradiation. The total bulk magnetic susceptibility of the samples typically increased several-fold after 236 irradiation, as might be expected if paramagnetic ferrous iron is being reduced to metallic iron. Additional 237 evidence from ESR spectroscopy and other magnetic methods support the hypothesis that metallic iron, 238 some of it superparamagnetic, is produced. 239
240
The increase in bulk susceptibility can be used to make a first, coarse, estimate of the amount of metallic iron 241 that could cause such a change. As an example, one such experiment showed an increase in mass specific 242 magnetic susceptibility after irradiation of 8.79 ± 0.09 × 10 -8 m 3 kg -1
. If it is assumed that the increase derives 243
solely from the production of multi-domain metallic iron, which has a room temperature initial susceptibility of 244 3.77 × 10 -4 m 3 kg -1 (Stephenson, 1971b) , this corresponds to only 0.023 wt%, or substantially less if a 245 sizeable fraction is superparamagnetic, and hence has a susceptibility up to 66 times higher (Stephenson, 246 1971a)! Clearly this technique is highly sensitive to the changes attributed to space weathering, which can 247 produce several wt% metallic iron in mature lunar regolith. 248
249
The Bartington device also allowed investigation of the frequency dependent nature of the sample. The un-250 irradiated samples showed an identical susceptibility at both frequencies, within experimental errors. The 251 same samples after irradiation, however, showed a coefficient of frequency dependence (CFD) of over 4%. 252
Typically a CFD of less than two percent is measured if the material contains no SPM grains, a value in the 253 range 10 -14% is found for a sample containing virtually all SPM grains and a value in the middle has a 254 mixture of SPM and coarser grains (Dearing, 1999) . This frequency dependence arises as a result of the two 255 measurement frequencies corresponding to two different observation times, each of which defines a different 256 SD/SPM threshold; the theoretical explanation for this behaviour will be discussed later. 257
258
There is hence a clear rationale for making in situ measurements of magnetic susceptibility; it can provide an 259 estimate of the metallic iron content and detect the presence of SPM particles. The following section 260 describes how such a sensor might be developed for making a contact measurement on a planetary lander,
A c c e p t e d m a n u s c r i p t
3. An in situ magnetic susceptibility instrument for planetary regolith maturity determination 263 3.1.
Methods of measuring magnetic susceptibility 264
Methods of measuring magnetic susceptibility can be divided into two categories. The first measures the 265 force experienced by a sample placed in a magnetic field gradient. In the laboratory, the Evans and Faraday 266 balances are examples of this type. The second uses electromagnetic induction. In the simplest setup, an 267 alternating current is applied through a coil. The sample to be measured is placed inside, or close to, the coil. 268
Magnetic susceptibility is directly related to magnetic permeability [μ = μ 0 (1 Ȥ], which in turn is related to 269 the inductance of a coil immersed in a medium. The required measurement is therefore one of inductance, 270 which can be performed quite simply by a variety of electrical circuits. Typically, AC bridges are used to 271 measure an unknown inductance, in which the resistive and reactive components of the inductance must be 272 separately balanced (Collinson, 1983) . In this configuration, when the bridge is unbalanced by the presence 273 of a sample, either the off-balance current can be read, or the bridge can be balanced again to give a zero-274 current at the null detector. It should again be pointed out that both the real and imaginary parts of the 275 complex magnetic susceptibility are of interest here, and thus these should both be measured. Hence some 276 phase discrimination, or lock-in amplifier is needed to record both the signal in phase with the driving 277 alternating field and that in quadrature (S/2 out of phase). 278
279
For a single coil configuration, the self inductance change due to the magnetic susceptibility of surrounding 280 material is purely reactive, resulting in a change in the quadrature component of the coil impedance. In 281 reality it is likely that the surrounding medium has a non-zero electrical conductivity. Induced currents flowing 282 through the medium also modify the effective resistance of the coil and this must be accounted for. In such a 283 configuration, the inductance change is usually measured by observing the change of frequency of an LCR 284 circuit in which the inductor is coupled to the sample material. 285
3.2.
The benefit of multi-frequency AC measurements 286
The measurement of initial magnetic susceptibility at a single frequency can be very useful; the Apollo 287 sample collection has been extensively characterised in this way, and more recently it has been used to are SD. This is of course only strictly applicable for a material comprising SD grains of a single size. In reality 312 a range of grain sizes is likely to be present, resulting in a spectrum of decay times, blocking temperatures 313 and volumes. In addition, the saturation magnetisation depends on temperature, although can be considered 314 constant well below the Curie point (Stephenson, 1971a) , and the coercivity depends on both grain size and 315 temperature. Nevertheless these approximations are sufficient to explain the fundamental behaviour of fine 316 particle magnetism with respect to frequency. 317
318
With re-arrangements of Equation 1, it can be seen that the critical volume is proportional to the logarithm of 319 the measurement time, and so increasing the frequency (decreasing the measurement time) moves the 320 boundary to smaller grain sizes. As a result, a material with a significant amount of very fine-grained 321 ferromagnetic material will experience a decrease in total magnetic susceptibility with increasing frequency, This section therefore discusses typical in situ instruments that make complementary measurements, and 348 how these measurements might be related. 349
Mössbauer 350
The most obvious complementary measurement is that of Mössbauer spectroscopy, which is specifically 351 tailored to the study of iron and iron bearing materials. In nano-scale materials, such as superparamagnetic 
Near-IR 373
Visible and near-IR reflectance spectroscopy are powerful tools to determine mineralogy remotely, typically 374 from orbit. However, it is becoming more common for landed elements to also carry such an instrument, 375 integrated, for example, into a microscope for close-up analysis. Comparison of the spectral properties of 376 rocks and regolith on a small scale with their magnetic properties would be a useful combination to confirm 377 the local effects of space weathering. These data could then be extrapolated to gain an understanding of 378 global weathering properties from orbital remote sensing data. 379
XRS
A c c e p t e d m a n u s c r i p t partial melting. Space weathering preferentially removes the volatile components of the regolith, whilstsuch techniques. However, the primary space weathering process (responsible for the major optical and 387 magnetic effects) is a change of oxidation state, and the formation of metallic iron. This is more directly 388 addressed by magnetic or Mössbauer measurements. Thus magnetic susceptibility and XRS are excellent 389 complementary measurements for studying weathering and potential elemental depletion processes. 390
Instrument design and development 391
Although no magnetic susceptibility sensor has yet been successfully deployed on a planetary surface, there 392 is a rich history of proposed instruments and scientific rationales. In the pre-Apollo era, magnetic 393 susceptibility was proposed as part of a surface and downhole instrument suite designed for characterising 394 the lunar surface (Texaco, Inc., 1961) . This suite was developed to breadboard level, but was of a similar 395 size to terrestrial equipment. 396 magnetic susceptibility has been again proposed for identifying useful in situ resources; in fact the SPM 402 metallic iron particles that are the key to space weathering could also allow the production of lunar "bricks" 403 due to their absorption of microwave energy (Taylor and Meek, 2005) . 404 405 A magnetic susceptibility instrument has been launched once previously, on the Phobos 2 mission. Carried 406 onboard the PROP-F "hopping" lander (Kemurdzhian et al., 1988) , it was a contact sensor using an AC 407 bridge technique designed to make measurements of the magnetic susceptibility of Phobos at each hop 408 (Dolginov et al., 1989) . Unfortunately contact was lost with the orbiter before PROP-F was due to be 409 deployed, so no measurements were made. 410
411
The utility of making multi-frequency magnetic susceptibility measurements should now be clear. However, 412 to describe a credible instrument concept, a set of top-level science and instrument requirements must be 413 defined. The range of expected values for bulk initial magnetic susceptibility must be chosen for the targetA c c e p t e d m a n u s c r i p t mineralogy; in lieu of detailed knowledge, one can baseline a range sufficient to cover typical lunar regolith 415 samples (1400 -4400 10 -8 m 3 kg -1 (Carmichael, 1989) ). With laboratory instruments, a decade of frequency 416 difference is typically enough to establish the presence of SPM material, but this naturally depends on the 417 measurement accuracy of a field device. Extending this range will help, but will also enhance the ability of 418 such an instrument to perform magnetic granulometry. As noted, however, higher frequencies result in 419 additional energy dissipation in conductive samples due to the generation of eddy currents, but this can in 420 itself be useful for measuring electrical conductivity, if proper care is taken. 421
422
Of course this measurement cannot be made remotely and requires the sensor to be close to the regolith, 423 ensuring flux linkage with the material being measured. Several deployment mechanisms can be considered 424 for different mission profiles. As with all such sensors, mobility (horizontal or vertical) adds greatly to the 425 utility of the data and a magnetic susceptibility sensor could be deployed on a rover or even a sub-surface 426 penetrating mole. If deployed on a long-range rover, the opportunity is presented for recording maturity data 427 at several locations, for comparison with orbital data. This is vital for bodies other than the Moon where we 428 do not have the laboratory data to calibrate remote sensing techniques for separating compositional and 429 maturity variations, as has been performed for the Moon (Lucey et al., 2000) . Alternatively, a mole-borne 430 sensor would be extremely useful for obtaining depth profiles and examining the stratigraphy of a single 431 location. Regolith cores extracted on the Moon show that there is a complex intermixing of layers of different 432 maturities at any given location, with a general trend towards decreasing maturity with depth (Basu and 433 McKay, 1995) . Such a sensor would be able to examine this in situ for other bodies. In addition there is some 434 evidence for shock-produced fine-grained iron, which might be expected in a given layer with some lateral 435 extent, following a large impact (Cisowski et al., 1973) . Layers of differing maturity could also be accounted 436 for by the creation of a palaeoregolith, in which layers of regolith with a given maturity are "sandwiched" 437 between lava flows of low susceptibility (Crawford et al., 2007) . 438 439 Low mass and power magnetic susceptibility instruments already exist commercially for terrestrial 440 applications, and have a suitable range and resolution for the measurements described here. Of course 441 these are not space qualified and substantial re-development would be required before flight. Some of theA c c e p t e d m a n u s c r i p t
Coil geometry 445
Of fundamental importance to any magnetic susceptibility instrument is the design of the coils. A choice of a 446 single coil (operating by self inductance) or multiple coils (mutual inductance) must first be made. There are 447 several advantages to a multi-coil design. Temperature variations affect both coils equally and so 448 temperature drifts are minimised. In addition, the geometry of the magnetic field can be optimised to focus 449 the region of investigation, resulting in finer spatial resolution, important for investigating layered structures in 450 a regolith, for example. The volume of material probed also depends on the spacing of the coils. Finally, 451 compensating coils can be used to minimise direct coupling between the transmitter and receiver. Once this 452 decision has been made, the coil geometry must be optimised for the configuration and application. The aim 453 is to ensure maximum flux linkage with the medium in question; however additional constraints such as the 454 available volume and geometry must be taken into account. 455
456
Several coil geometries could be considered, in particular a planar configuration in which the transmitter and 457 receiver coils are arranged for a contact measurement, for example in the foot of a lander, rover wheel 458 (measuring once per revolution, and allowing a free-space calibration in between) or at the end of a robotic 459 arm. Alternatively a 3-coil linear arrangement, which could be included in an instrumented mole, can be 460 considered. The central coil can either be a transmitter or receiver, with a matched pair playing the opposite 461 role. However, other configurations could be considered, for example incorporating the coils into tracks on a 462 flexible substrate mounted on the inner wall of the mole and avoiding the difficulty of passing signal-carrying 463 wires through the coil. 464
Calibration 465
Since measurement of susceptibility using an AC bridge is a relative technique, some method of calibration 466 is required before each measurement. On the Earth this is performed by making a measurement away from 467 any magnetic material, essentially giving a "zero". In the confines of a lander, and in particular during the 468 penetration of a subsurface mole, this may be impractical. 469
470
Aside from zeroing in free space, the only realistic option that does not involve deployment booms, arms or 471 other mechanisms, is to measure a known material when in close proximity to the sensor. If deployed in a 472 mole, the hammering mechanism could offer a ready solution to this problem by manufacturing the 473 mechanism from a magnetic alloy with stable properties. During each cycle a zeroing measurement could be A final point to note is that such a sensor would be rather sensitive to the presence of metal in the instrument 496 housing, or indeed the host spacecraft itself. This can already be seen from laboratory measurements where 497 care has to be taken over the location of the instrument; conductive losses reduce the measured magnetic 498 susceptibility. There are therefore some additional restrictions placed on where and how a magnetic 499 susceptibility sensor can be mounted. 500
Thermal and mechanical stability 501
The value of inductance of a coil is strongly affected by the mechanical stability of the coil windings. Careful 502 choice of the (electrically insulating) former would have to be made to ensure a consistent inductance over 503 the expected temperature range. Continuous measurement of temperature and also "blank" measurements 504 of a calibration material before and after measurement of the actual sample can both be used to remove thisA c c e p t e d m a n u s c r i p t 507 While temperature stability of the coil is vital, additional science is possible if the sample temperature can be 508 varied, either actively within the instrument, or passively during, for example, a diurnal cycle. An ideal 509 instrument design would allow the sample to be heated whilst insulating the coil itself from such changes, 510 maintaining the stable oscillator frequency. This is discussed further in section 3.5. 511
Choice of frequency 512
One of the critical parameters in making an AC susceptibility measurement is the frequency at which the 513 oscillator is energised. In typical magnetic susceptibility meters, a low frequency is used to prevent 514 conductive losses in the sample medium. However, this must be traded against the desire to increase the 515 frequency range (and hence the iron particle size range) available for magnetic granulometry of 516 superparamagnetic grains. 517 3.5.
Additional science 518
Not only can such a sensor measure the bulk magnetic susceptibility and search for the superparamagnetic 519 iron indicative of space weathering, but it can also potentially measure electrical conductivity and magnetic 520 mineralogy. When recording magnetic susceptibility in a two-coil (transmitter and receiver) configuration, the 521 response of the coil is measured in phase with the driving current, but the quadrature component is also 522 useful, providing a measure of electrical conductivity. Indeed this technique is often used in terrestrial 523 borehole logging. The internal magnetic field generated by the movement of domain walls and the rotation of 524 domain magnetic moments corresponds to the magnetic susceptibility of the sample and this results in the 525 in-phase signal. The quadrature component represents losses in the sample, from both magnetic hysteresis 526 and eddy currents. Thus the magnetic susceptibility is written as a complex quantity when frequency is 527 considered. As well as being of intrinsic scientific interest, electrical conductivity is of particular interest at the 528 surface of Mercury, where it has been suggested that surface conductivity may play a role in the closure of 529 field aligned currents believed to be generated during magnetic substorms, first detected by Mariner 10 530 (Janhunen and Kallio, 2004) . 531 532 Another common technique in terrestrial geomagnetic laboratories is thermomagnetic analysis, whereby the 533 magnetic susceptibility is recorded as a function of temperature. Ferromagnetic materials will show a sudden 534 drop in susceptibility at their Curie temperature. Hence measurements of a particular regolith sample over aA c c e p t e d m a n u s c r i p t demonstrated that temperature also controls the critical grain size, and thus heating a sample shifts the 540 superparamagnetic boundary to larger particle sizes, allowing a small degree of granulometry as seen in 541 Figure 3 . Again, the dependence is weak, but nonetheless useful. In terrestrial laboratories samples 542 measured in this way inevitably partially oxidise, however much care is taken, but the vacuum environment 543 of an airless planetary body is ideal for such measurements. It has also been shown that the shape of the 544 thermomagnetic curve far below the Curie point is also diagnostic of the size distribution of a single domain 545 ensemble (Stephenson, 1971a) . 546 547 [ Figure 3 ] 548
Conclusions 549
Micrometeorite impacts and solar wind sputtering are now understood to produce nanophase metallic iron 550 from ferrous iron in airless planetary regoliths during the regolith maturation / space weathering process. 551
Metallic iron is ferromagnetic and hence amenable to a wide range of magnetic techniques. 552
553
Magnetic susceptibility is known to correlate well with the more frequently used ferromagnetic resonance 554 index used to describe regolith maturity and thus is a useful parameter for understanding the regolith 555 evolution at a given location. In addition, multi-frequency measurements of susceptibility can be used to 556 identify the very fine grained SPM iron particles resulting from space weathering. Definitive confirmation of 557 space weathering as the agent of spectral alteration on asteroids and other planetary surfaces besides the 558 Moon would be extremely useful. 559 560 Laboratory weathered regolith analogues have confirmed both an increase in initial susceptibility and the 561 introduction of a frequency dependence, along with lunar-like spectral alteration, for even low degrees of 562 alteration. Thus a multi-frequency magnetic susceptibility sensor has been proposed as a means of 563 identifying and potentially quantifying the effects of space weathering in a planetary regolith surface. Direct 564 granulometry with this technique has a rather limited range, but coupled with temperature dependentA c c e p t e d m a n u s c r i p t eventually be used with models of the spectral alteration process to remove some of the changes caused by 567 space weathering from remote spectra. 568 569 This measurement could be carried out most easily by an AC method in which the change in inductance of a 570 coil placed close to a sample provides a measure of magnetic susceptibility. Terrestrial instruments with low 571 mass and power exist, but the challenges in developing a space-borne instrument are not trivial. In 572 particular, the thermal stability of the instrument is key to achieving a high precision measurement. 573
Deployment as part of a mole-borne instrument suite including temperature and density measurements 574 would be extremely complementary, but the required high level of miniaturisation and integration and risk of 575 potential interference suggest that a surface contact instrument may be more feasible. 
